
Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

80
6 

71
5

A
1

TEPZZ 8Z67_5A_T
(11) EP 2 806 715 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication: 
26.11.2014 Bulletin 2014/48

(21) Application number: 13191927.6

(22) Date of filing: 07.11.2013

(51) Int Cl.:
H05H 7/04 (2006.01)

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR
Designated Extension States: 
BA ME

(30) Priority: 23.05.2013 EP 13168966

(71) Applicant: Paul Scherrer Institut
5232 Villigen (CH)

(72) Inventors:  
• Braun, Hans-Heinrich

8008 Zürich (CH)

• Löhl, Florian
5408 Ennetbaden (CH)

• Reiche, Sven
8008 Zürich (CH)

• Van Der Veen, Johannes Friso
1411 HZ Naarden (CH)

(74) Representative: Fischer, Michael
Siemens AG 
Postfach 22 16 34
80506 München (DE)

(54) Beam splitter for FEL undulator

(57) It is the objective of the present invention to pro-
vide an undulator system that provides radiation, prefer-
ably synchrotron radiation, with a single undulator to var-
ious user stations thereby using an appropriate and sim-
ple set up for the undulator system.

A kicker system enables the transfer of the radiation

to various user stations by using only one single undu-
lator. The delivery of the radiation to various user stations
achieved by deflecting the charged particle beam from
its straight particle trajectory is widely controllable by an
appropriate steering of the kicker system.
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Description

[0001] The present invention relates to a charged par-
ticle beam undulator system for generating synchrotron
radiation.
[0002] Charged particle beams, in particular in free-
electron lasers (FELs), are a flexible tool for generating
ultra-bright, coherent radiation with wavelengths ranging
from the microwave to the hard x-ray regime. For wave-
lengths in the vacuum ultra-violet and shorter, high-gain
FELs are utilized, in which a bunch train of ultra-relativ-
istic electrons passes through a long undulator for a sin-
gle time. In the undulator, a periodic arrangement of mag-
nets, synchrotron light is emitted, which interacts with the
electron beam in a way that the emitted light power grows
exponentially within the undulator until a saturation state
is reached. In this state, approximately 10-2 to 10-4 of the
kinetic energy of the electron beam is transferred to the
photon beam, which is emitted with a narrow spectral
bandwidth, a small beam size, and divergence angle.
[0003] The laser-like beam properties and the energy-
efficiency in the electron-photon conversion make FELs
an interesting tool for providing high power beams at
short wavelengths. Combined with a high-power electron
accelerator, for example an energy-recovery linear ac-
celerator with the potential of generating a suitable elec-
tron beam with tens to hundreds of MW of beam power,
photon beams with tens of kW of power in the EUV wave-
length range are feasible. Such a machine would, for
example, be a possible radiation source for next-gener-
ation photolithography applications at wavelengths of
13.5 nm, 6 nm, and shorter.
[0004] Major drawbacks of such a high-power, short-
wavelength FEL facility are its costs and its complexity.
Besides the high-power electron accelerator, a major
cost-driver of such a machine is the long undulator line,
which with current techniques only serves radiation to a
single customer or user. While it is in principle possible
to distribute a high repetition bunch train over multiple
undulator beam lines and thus serving multiple users at
the same time, this scheme is very expensive, since each
user station requires its own undulator beam line. Fur-
thermore, this scheme increases the size of the facility
significantly because each beam line requires sufficient
separation with an estimated footprint of typically 5 times
30 m2 per beam line.
[0005] It is therefore the objective of the present inven-
tion to provide an undulator system that provides radia-
tion, preferably synchrotron radiation, with a single un-
dulator to various user stations thereby using an appro-
priate and simple set-up for the undulator system.
[0006] This objective is achieved according to the
present invention by a charged particle beam undulator
system for generating radiation, preferably synchrotron
radiation, comprising:

a) a number of dipole magnets disposed periodically
along a straight particle trajectory of said charged

particle beam within the undulator;
b) a kicker system disposed upstream of said
number of dipole magnets; wherein
c) said kicker system comprising a magnet deflection
unit and/or an electric field deflection unit being con-
trolled to deflect the charged particle beam from the
straight particle trajectory; said straight particle tra-
jectory is given when the kicker system is neutral in
terms of deflecting the charged particle beam.

[0007] Therefore, the present kicker system enables
the transfer of the radiation to various user stations by
using only one single undulator. The delivery of the ra-
diation to various user stations achieved by deflecting
the charged particle beam from its straight particle tra-
jectory is widely controllable by an appropriate steering
of the kicker system. This results in a broad range of
possibilities of a positional and/or an angular offset of the
charged particle beam leading to a change in the pro-
jected direction or in projected position or a combination
of change of direction and position.
[0008] In a preferred embodiment of the present inven-
tion, the charged particle beam is part of a free-electron
laser (FEL). A free-electron laser for wavelengths in the
vacuum ultra-violet and shorter can be realized as a high-
gain FEL. The FEL delivers a sufficient yield of synchro-
tron radiation which enables a transfer of approximately
10-2 to 10-4 of the kinetic energy of the electron beam to
the photon beam in its saturation state towards the end
of the undulator.
[0009] In order to improve the options for the controlling
of the deflected charged particle beam, a further pre-
ferred embodiment of the present invention provides for
a number of further kicker systems, wherein said number
of further kicker systems being disposed between adja-
cent dipole magnets. In other words, after passing a di-
pole magnet pair, the charged particle beam can be newly
adjusted. Possible set-up could also provide for a sepa-
rate kicker system for each pair of dipole magnets.
[0010] In some embodiments it could be for example
desirable to restore the original trajectory of the electron
beam. In order to cope with this demand, a further kicker
system is disposed downstream of the number of dipole
magnets.
[0011] An appropriate controlling of the kicker system
can be achieved when said charged particle beam is dis-
continuously emitted in a number of bunches, wherein
said magnet deflecting unit and/or the electric field de-
flecting unit is/are controlled to deflect the charged par-
ticle beam synchronized to said bunches. One possible
option could be realized when this synchronization is ef-
fected in terms of a fast switch from one projected direc-
tion of the charged particle beam to another projected
direction of the charged particle beam during the interval
between two bunches of the charged particle beam
wherein each projected direction is aligned with a spot
of interest for the synchrotron radiation. With each new
bunch of charged particle beam coming, the projected
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direction of the charged particle beam changes. An al-
ternative to this option could be provided when this syn-
chronization is effected in terms of a continuous sweep
of the charged particle beam from one projected direction
of the charged particle beam to another projected direc-
tion of the charged particle beam during an interval of a
plurality of bunches of the charged particle beam wherein
each projected direction is aligned with a spot of interest
for the synchrotron radiation. Therefore, the deflection of
the charged particle beam may show a certain (desired)
blurring effect when the charged particle beam is shifted
from one projected direction into an adjacent projected
direction.
[0012] Typically, a spot of interest can be a user station
being equipped to use the synchrotron radiation experi-
mentally or in photolithography applications.
[0013] Preferred embodiments of the present invention
are described hereinafter in more detail with reference
to the attached drawing which depicts in:

Figure 1 schematically an undulator for an electron
beam according to the prior art;

Figure 2 schematically two undulator systems, each
comprising at least one kicker system dis-
posed upstream of the magnets of the undu-
lator system; and

Figure 3 schematically examples of split photon beam
in response to activation of the kicker system
as shown in Figure 2.

[0014] Figure 1 schematically shows an undulator sys-
tem 2 for an electron beam 4 according to the prior art.
The undulator system 2 is called an insertion device in
accelerator physics and usually forms part of a larger
installation (here not shown), for example a synchrotron
storage ring or a free-electron laser facility. The undulator
system 2 comprises a periodic structure of dipole mag-
nets 6. The static magnetic field generated by this peri-
odic structure is alternating along the length of the undu-
lator system 2 with a periodicity λu. The electron beam
4 traversing this periodic magnet structure is forced to
deviate from a central straight electron trajectory 8 there-
by undergoing regular oscillations and thus radiating pho-
ton beams 10. The photon beams 10 produced in the
undulator system 2 are very intense and concentrated in
narrow energy bands in the spectrum. It is also collimated
on the orbit plane of the electron beam. The photon
beams are guided through beamlines (here not shown)
to experiments in various scientific and productive areas,
such as semiconductor lithographic applications.
[0015] The important dimensionless parameter 

where e is the particle charge, B is the peak magnetic
field, β = υ/c, me is the electron rest mass and c is the
speed of light, characterizes the nature of the electron
oscillation. For K<<1 the oscillation amplitude of the mo-
tion of the electron beam 4 is small and the radiation
displays interference patterns which lead to narrow en-
ergy bands. If K>>1 the oscillation amplitude is bigger
and the radiation contributions from each field period sum
up independently, leading to a broad energy spectrum.
In this regime of fields the insertion device is no longer
called an undulator; it is called a wiggler. In this descrip-
tion of the invention and in the sense of the present in-
vention, the word "undulator" is herein used for both op-
erations under either the undulator regime and the wig-
gler regime.
[0016] The present invention provides an undulator
system 12 as schematically shown in Figure 2 that splits
the electron beam 4 which is provided as electron bunch-
es within the undulator system 12 of a high-gain FEL,
resulting in multiple photon beams 14 to 18. These beams
14 to 18 are directed to different user stations 20 to 24.
[0017] The top graph of Figure 2 shows a series of
segmented dipole magnets 6 with a first set-up of a fast
beam kicker 26 upstream of said series of segmented
dipole magnets 6 and a second set-up of a fast beam
kicker 28 downstream of said series of segmented dipole
magnets 6. It is emphasized at this stage that the second
set-up of the fast kicker system 28 is not mandatory to
reduce the invention to practice. The fast kicker systems
26, 28, which are synchronized with the electron bunches
passing by, tilt the straight electron trajectories 8 within
the undulator system 12 into the horizontal or vertical
directions or in both.
[0018] In detail, the fast kicker systems 26, 28 com-
prise magnetic and/or electric field deflection devices,
such as dipole electromagnets, vacuum capacitors,
transverse deflecting cavities or the like. In case conven-
tional electromagnets are used, a bandwidth of several
tens of kHz can be achieved using conventional metallic
beam pipes. To further increase the bandwidth of such
a kicker system, special beam pipes can be utilized, for
example ceramic vacuum pipes with a thin metallized
coating, that reduce Eddy currents. With such kicker sys-
tems, bandwidths of many MHz can be achieved. Even
faster response times can be provided by resonant elec-
tromagnetic circuits or by transversely deflecting struc-
tures or cavities.
[0019] In the present example of three user stations
20 to 24, this leads to a first projected trajectory 30 having
a positional offset or to a second projected trajectory 32
having an angular offset in the electron trajectory, or to
these offsets combined, while a third trajectory follows
the straight electron beam trajectory 8 in case the fast
kicker system 26 is neutral with respect to a deflection
of the incoming electron beam 4. The third or in other
words, the central electron trajectory therefore goes
straight through to the user station 20. The FEL radiation
emerges coaxially with the electron beam trajectory 8,
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30, 32 within the undulator system 12. Hence, the position
of the photon beam 16, 18 at some distance from the
undulator system 12 is displaced, enabling a different
user station 22, 24 to be installed downstream of the un-
dulator system 12. For a given angular offset, the posi-
tional displacement increases linearly with the distance
to the undulator system 12. By switching the fast kicker
systems 26 to different settings, each allowing a straight
trajectory 8, 30, 32 of the electron beam 4 through the
undulator system 12, the photon beam 16, 18 can be
delivered to multiple user stations 20, 22, 24.
[0020] Assuming a certain repetition rate for the accel-
erator beam and sufficiently fast switching time between
the various states of the fast kicker system 26, the photon
beam 16, 18 can be directed simultaneously to multiple
user stations 20 to 24 while using only a single undulator
12.
[0021] The same beam splitting scheme achieved by
the fast kicker system 26 can be applied if focusing sys-
tems 34 for the electron beam 4 are installed between
segments of longer dipole magnet lines to improve the
FEL performance. In this case, additional kicker systems
36 near the location of the focusing systems 34 are re-
quired, which compensate angular kicks the beam ob-
tains from the focusing elements 34 for various trajecto-
ries as shown schematically in the bottom graph of Figure
2.
[0022] The second setup of the fast kicker system 28
may be utilized to restore the original trajectory of the
electron beam if required.
[0023] Examples of split photon beams at some dis-
tance from the undulator system 12 are shown in Figure
3. The left hand panel of Figure 3 shows a pattern of six
separated beam spots 38, obtained by synchronously
switching the kicker system 26 horizontally and vertically
repetitively between the six different states. The right
hand panel shows a fan-shaped beam resulting from a
continuous, horizontal sweep of the kicker system 36,
combined with a synchronous single vertical displace-
ment. Other distributions of beam spots or continuous
beam intensity distributions are possible within certain
geometrical constraints and within the parameter regime
allowed by the FEL process.
[0024] The above schemes rely on the fact that all elec-
tron trajectories 8, 30, 32 traverse the same or almost
the same periodic magnetic field distribution. This is best
achieved with planar undulator types, which have almost
no horizontal dependency of the magnetic field amplitude
and thus allow for large angular and positional offsets of
the trajectories in the horizontal plane. In the vertical
plane, the field has a quadratic dependency, which is
sufficiently small that it allows for some variation in angle
and position in the vertical direction. Optimization of the
undulator design by pole shaping can further increase
the effective aperture of the beam splitting. Trajectories
with angular offset give rise to a slightly larger lasing
wavelength, thereby giving rise to a slight variation of
wavelength across the split photon beams. For applica-

tions such as photolithography, this is deemed to be tol-
erable.

Claims

1. A charged particle beam undulator system (12) for
generating synchrotron radiation (14 to 18), compris-
ing:

a) a number of dipole magnets (6) disposed pe-
riodically along a straight particle trajectory (8)
of said charged particle beam (4) within the un-
dulator system(12);
b) a kicker system (26) disposed upstream of
said number of dipole magnets (6); wherein
c) said kicker system (26) comprising a magnet
deflection unit and/or an electric field deflection
unit being controlled to deflect the charged par-
ticle beam (4) from the straight particle trajectory
(8); said straight particle trajectory (8) is given
when the kicker system (26) is neutral in terms
of deflecting the charged particle beam (4).

2. The undulator system (12) according to claim 1,
wherein the charged particle beam (4) is a free-elec-
tron laser.

3. The undulator system (12) according to claim 1 or
2, wherein a number of further kicker systems (36)
is provided, said number of further kicker system (36)
being disposed between adjacent dipole magnets
(6) or adjacent groups of dipole magnets (6).

4. The undulator system (12) according to any of the
preceding claims 1 to 3, wherein a further kicker sys-
tem (28) is disposed downstream of the number of
dipole magnets (6).

5. The undulator system (12) according to any of the
preceding claims 1 to 4, wherein said charged par-
ticle beam (4) is discontinuously emitted in a number
of bunches, wherein said magnet deflecting unit
and/or the electric field deflecting unit is/are control-
led to deflect the charged particle beam synchro-
nized to said bunches.

6. The undulator system (12) according to claim 5
wherein the synchronization is effected in terms of
a fast switch from one projected direction of the
charged particle beam to another projected direction
of the charged particle beam during the interval be-
tween two bunches of the charged particle beam
wherein each projected direction is aligned with a
spot of interest (20 to 24) for the synchrotron radia-
tion (14 to 18).

7. The undulator system (12) according to claim 5
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wherein the synchronization is effected in terms of
a continuous sweep of the charged particle beam (4)
from one projected direction of the charged particle
beam to another projected direction of the charged
particle beam during an interval of a plurality of
bunches of the charged particle beam (4) wherein
each projected direction is aligned with a spot of in-
terest (20 to 24) for the synchrotron radiation (14 to
18).

8. The undulator system according to any of the pre-
ceding claims wherein a spot of interest is a user
station (20 to 24), said user station (20 to 24) being
equipped to use the synchrotron radiation (14 to 18)
experimentally or in photolithography applications.
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